Pseudoxanthoma elasticum (PXE), the prototypic heritable connective tissue disorder affecting the elastic structures in the body, manifests with cutaneous, ophthalmologic, and cardiovascular findings, with considerable morbidity and mortality. The molecular basis of PXE has remained unknown, but the disease locus has recently been mapped to an Ϸ500-kb interval on chromosome 16p13.1, without evidence for locus heterogeneity. In this study, we report pathogenetic mutations in MRP6, a member of the ABC transporter gene family, in eight kindreds with PXE. The mutation detection strategy consisted of heteroduplex scanning of coding sequences in the MRP6 gene, which were amplified by PCR by using genomic DNA as template, followed by direct nucleotide sequencing. A total of 13 mutant MRP6 alleles were disclosed in the eight probands with PXE. These genetic lesions consisted of either single base pair substitutions resulting in missense, nonsense, or splice site mutations, or large deletions resulting in allelic loss of the MRP6 locus. Examination of clinically unaffected family members in four multiplex families identified heterozygous carriers, consistent with an autosomal recessive inheritance pattern. Collectively, identification of mutations in the MRP6 gene provides the basis to examine the pathomechanisms of PXE and allows development of DNA-based carrier detection, prenatal testing, and preimplantation genetic diagnosis in families with a history of this disease.
Pseudoxanthoma elasticum (PXE), the prototypic heritable connective tissue disorder affecting the elastic structures in the body, manifests with cutaneous, ophthalmologic, and cardiovascular findings, with considerable morbidity and mortality. The molecular basis of PXE has remained unknown, but the disease locus has recently been mapped to an Ϸ500-kb interval on chromosome 16p13.1, without evidence for locus heterogeneity. In this study, we report pathogenetic mutations in MRP6, a member of the ABC transporter gene family, in eight kindreds with PXE. The mutation detection strategy consisted of heteroduplex scanning of coding sequences in the MRP6 gene, which were amplified by PCR by using genomic DNA as template, followed by direct nucleotide sequencing. A total of 13 mutant MRP6 alleles were disclosed in the eight probands with PXE. These genetic lesions consisted of either single base pair substitutions resulting in missense, nonsense, or splice site mutations, or large deletions resulting in allelic loss of the MRP6 locus. Examination of clinically unaffected family members in four multiplex families identified heterozygous carriers, consistent with an autosomal recessive inheritance pattern. Collectively, identification of mutations in the MRP6 gene provides the basis to examine the pathomechanisms of PXE and allows development of DNA-based carrier detection, prenatal testing, and preimplantation genetic diagnosis in families with a history of this disease. P seudoxanthoma elasticum (PXE) (Online Mendelian Inheritance of Man no. 177850 for the autosomal dominant, and no. 264800 for the autosomal recessive variant) is a systemic heritable connective tissue disorder affecting the elastic tissue network in the body, with primary manifestations in the skin, eyes, and the cardiovascular system (1, 2) . The skin lesions manifest with yellowish papules which tend to coalesce into plaques of inelastic, redundant, and sagging skin. The histopathologic hallmark of PXE in the skin is accumulation of pleiomorphic, ''elastotic'' material, often appearing fragmented with perturbed ultrastructural morphology, suggesting functional alterations in the elastic fibers. Furthermore, a diagnostic histopathologic feature of PXE is calcification of the elastic structures, which can be demonstrated by special stains. The eye findings consist of angioid streaks, which result from pathological fractures in Bruch's membrane, an elastin-rich sheath on the back of the eye, that can cause varying degrees of visual impairment (3) . Finally, the involvement of the cardiovascular system is manifested by intermittent claudication, rupture of blood vessels particularly within the gastrointestinal tract, and early myocardial infarction, with considerable morbidity and mortality (4) .
PXE demonstrates marked clinical heterogeneity and apparently different modes of inheritance (2) . The clinical variability is evident by observations that the involvement of all three major organ systems, i.e., skin, eyes, and the cardiovascular system, is encountered in some patients while others, even within the same family, have a limited involvement of one of these organs. Genetic heterogeneity has been suggested by reports on both autosomal dominant and autosomal recessive inheritance (5), but the majority of the cases appear to be sporadic (2) . The assessment of inheritance is complicated by the clinical heterogeneity and highly variable age of onset of the disease. Specifically, in rare cases the manifestations are noted during infancy (6) , whereas in most cases the clinical signs are not evident until the second or third decade of life (2) .
The genetic basis of PXE has remained unknown. Considering the involvement of elastic structures in the affected tissues, initial efforts to elucidate the molecular basis of PXE revolved around elastin and elastin-associated gene͞protein systems, as well as enzymes involved in elastin cross-linking; these included the elastin gene on chromosome 7q, fibrillins 1 and 2 on chromosomes 15q and 5q, respectively, and lysyl oxidase also on chromosome 5q. However, these candidate genes were excluded by genetic linkage analysis [see ref . 7 , and unpublished data (A.M.C., Ph.D. thesis, Rutgers University, 1991). More recently, two studies provided strong evidence for linkage of both dominantly and recessively inherited forms of PXE to chromosome 16p13.1 by using positional cloning (8, 9) , and subsequent multicenter collaborative efforts were able to narrow this interval to consist of Ϸ500 kb (10, 11) . Examination of this interval revealed the presence of four candidate genes (MRP1, MRP6, pM5, and an unknown gene) potentially harboring mutations causing PXE. In this study we demonstrate pathogenetic mutations in the MRP6 gene, encoding a multidrug resistanceassociated protein, in families with PXE.
Materials and Methods
Clinical. A North American cohort consisting of eight families with PXE was subjected to study (Table 1 ). In four families there were two or more affected individuals, whereas in the other four families, with the exception of the proband, there was no history of PXE. Thus, a total of 13 affected and 20 unaffected family members were examined. Informed consent was obtained from all individuals. The diagnosis was based on dermatological examination in combination with ophthalmological and cardiovascular evaluation. In each proband, the diagnosis was confirmed by histopathology of a skin biopsy (hematoxylin-eosin) combined with special stains for elastin (Verhoeff-van Gieson) and͞or for calcium (von Kossa). Total DNA from the affected individuals, their unaffected family members, and from 50 unrelated, unaffected controls was isolated from peripheral blood leukocytes by standard procedures.
Mutation Detection. Total genomic DNA was used as a template for PCR amplification of coding sequences in the MRP6 gene using primer pairs placed on flanking intronic sequences. The linear sequence information (introns and exons) was obtained from the BAC clone A-962B4 (GenBank accession no. U91318), and the intron-exon borders for the 31 exons in MRP6 were deduced by comparison with the published cDNA sequence (ref.
12; GenBank accession no. AF076622). The PCR products, varying in size from 151 to 759 bp, were analyzed by heteroduplex scanning by using conformation-sensitive gel electrophoresis (CSGE) (13) . In some cases, the PCR products from the family members were mixed in equal amounts with a PCR product from an unrelated, clinically healthy control. The PCR products displaying heteroduplexes were subjected to direct automated sequencing (Applied Biosystems model 377 sequencing system) after gel purification. The segregation of pathogenetic mutations in family members was tested by CSGE analysis, by restriction enzyme digestion, and͞or by direct nucleotide sequencing. The presence of these nucleotide changes was also analyzed in 50 unrelated, unaffected control individuals by restriction enzyme digestions performed according to the manufacturers' recommendations. The digestion products were examined on 2% agarose or 6% polyacrylamide gels (6% TBE Gel; NOVEX, San Diego).
Results
Eight families with individuals affected with clinical features of PXE were subjected to a search for mutations within the 500-kb interval defined by linkage analysis on chromosome 16p13.1, which contained four candidate genes, including MRP1, MRP6, pM5, and an unknown gene. Direct sequencing of pM5 (GenBank accession no. X57398), which encodes an unknown protein with some similarities to the collagenase family (14) , and of the unknown gene (found by sequencing of the BAC clone A-962B4; http:͞͞www.tigr.org) did not reveal evidence for pathogenetic mutations (C. Boyd and B. Struk, unpublished data). The two genes encoding the multiple drug resistance-associated proteins (MRP1 and MRP6) were then subjected to analysis. Examination of MRP1 (GenBank accession no. NM004996) revealed a neutral polymorphism (2031G3C; V677V) in one PXE family (family 4 in Fig. 1 ), and a heterozygous glycine-to-valine polymorphism (2012G3T; G671V) in another (family 2 in Fig. 1 ). However, these polymorphisms, both in exon 16, did not segregate with the PXE phenotype, and were also found in unrelated, unaffected controls. Subsequently, our attention was directed at MRP6, which consists of 31 exons, the coding sequence of 4.5 kb being dispersed within Ϸ73 kb of genomic DNA on chromosome 16p13.1 (12, 15) . PCR primers, placed on flanking intronic sequences, were synthesized and used for amplification of individual exons by using genomic DNA as template. The PCR products were subjected to heteroduplex analysis by CSGE, followed by automated sequencing of those PCR products displaying heteroduplexes (see Fig. 2 ). Probands in eight families, four of them with more than one affected individual (families 1-4) and the remaining four families with only one affected individual (families 5-8), were screened by this strategy. The results revealed the presence of 13 mutant MRP6 alleles in the eight probands with PXE, representing seven distinct mutations. Among these mutations, there were three missense mutations, one nonsense mutation, one affecting a canonical splice site consensus sequence, and two consisted of large deletions affecting MRP6. None of these genetic lesions were found in DNA from 50 unrelated, unaffected controls. Fig. 1 ), had characteristic cutaneous, ophthalmologic, and cardiovascular findings of PXE; the diagnosis was confirmed by skin biopsy. The proband had three older brothers affected with PXE. The oldest brother (II-1) had died of a myocardial infarct at the age of 48 years and is also assumed to have been affected. Screening of DNA from the proband by CSGE revealed a heteroduplex band when sequences corresponding to exons 24 and 27 were examined. Sequencing of the corresponding PCR products revealed nucleotide substitutions 3421C3T and 3803G3A, respectively. The mutation in exon 24 resulted in substitution of a codon for arginine by a stop codon, a mutation designated R1141X. The mutation in exon 27 resulted in substitution of a codon for arginine by a codon for glutamine (R1268Q). Thus, the proband is a compound heterozygote for a nonsense and a missense mutation. No DNA was available from the parents to ascertain the parent of origin of each mutation. Subsequent evaluation of two affected brothers (II-2 and II-4) by restriction enzyme analysis (BsiYI for exon 24; BstXI for exon 27) revealed that they were also compound heterozygotes for the same mutations. Evaluation of the children of the affected individuals who did not show any signs of PXE revealed that all of them were heterozygous carriers of the mutations, as shown in Fig. 1 . Fig. 1 ), had characteristic skin findings since age 7, as well as angioid streaks and weakened peripheral pulses. The diagnosis of PXE was confirmed by skin biopsy. The proband's 53-year-old mother (V-1) was similarly affected, but there were no other affected family members. The proband's parents were distant cousins (see Fig. 1 ). Evaluation of the proband's DNA revealed a homozygous nucleotide substitution 3412C3T in exon 24 of MRP6. This substitution resulted in the replacement of an arginine codon by a codon for tryptophan (R1138W). This nucleotide substitution abolished a restriction site for MspI, and evaluation of the rest of the family by MspI digestion revealed that the mother of the proband was also homozygous for the mutation R1138W. The proband's maternal grandparents (III-1 and III-2) were heterozygous carriers of this mutation, as was the proband's older sister (VI-I). The proband's two younger brothers (VI-3 and VI-4) had died at birth or shortly thereafter of unknown causes. Examination of the proband's father (V-2) also revealed the mutation R1138W in the heterozygous state. Thus, the proband had inherited one mutant allele from each parent, and the disease in this family is clearly recessively inherited with evidence of pseudodominance. Fig. 1 ) in the family was a 40-year-old female with severe skin, eye, and cardiovascular involvement. She had an older sister who, in addition to cutaneous and ophthalmologic findings, had a history of gastrointestinal bleeding and a coronary bypass operation in her forties. Examination of the proband's DNA by CSGE and nucleotide sequencing ( Fig. 2 A and B) revealed a homozygous mutation in exon 24, 3421C3T, which resulted in a premature termination codon R1141X. This is the same mutation that was also noted in the compound heterozygous state in family 1. The older sister (II-1) was also homozygous for this mutation. Examination of the parents revealed that the father (I-2) was heterozygous for the mutation R1141X. However, the mother's DNA consisted of normal MRP6 alleles only, when analyzed by CSGE, by enzyme digestion with BsiYI, and by direct sequencing (Fig. 2) . Haplotype analysis with 13 polymorphic markers on chromosome 16, together with 8 markers on chromosome 5, clearly established the maternal origin of DNA. Subsequent analysis of a microsatellite marker D16B9622, which resides Ϸ0.7 kb downstream from the translation stop codon at the 3Ј end of the MRP6 gene, showed homozygosity for two different alleles in each parent, whereas both affected daughters were heterozygous (data not shown). However, the microsatellite D16S2720, which is located Ϸ13.3 kb upstream from exon 1 of MRP6, was homozygous in the daughters (II-1 and II-2) and the mother (I-1), while heterozygous in the father (I-2). These findings are consistent with the interpretation that the proband and her sister had inherited a nonsense mutation from the father and a deletion mutation affecting exon 24 of MRP6 from the mother, thus reducing the paternal mutation R1141X to hemizygosity. It is noteworthy that the proband's father had mild angioid streaks without visual impairment, as well as minimal skin findings on clinical examination, suggestive of PXE. A search for other mutations in the MRP6 gene was unyielding, and he may therefore manifest with mild features of PXE, reflecting his carrier status for the mutation R1141X. Fig. 1 ), had characteristic skin lesions limited to the neck and arms, and the diagnosis of PXE was confirmed by skin biopsy. Ophthalmologic examination had not revealed the presence of angioid streaks, but she had macular degeneration. Examination of her DNA revealed a homozygous mutation 3736-1G3A, which affects the consensus splice site sequence ag-exon 27. This mutation is predicted to cause aberrant splicing involving exon 27. The proband had one older sister (II-2), who was clinically affected with PXE. In particular, she had more extensive skin involvement and vision impairment because of macular degeneration. Examination of her DNA by direct nucleotide sequencing revealed that she was also homozygous for the splice site mutation, 3736-1G3A. This mutation abolishes an EcoNI site, and this enzyme was used to study the segregation of the mutation in the other members of the family. On clinical examination, none of the individuals in generation III were thought to be affected by PXE. Genotype analysis revealed that individuals III-5 and III-7 were heterozygous carriers of the mutation. Interestingly, however, the remaining children of the affected individuals apparently had inherited only the normal alleles, despite the finding that the two mothers (II-2 and II-3) were homozygous for the mutation 3736-1G3A (family 4 in Fig. 1) . Furthermore, the mother (I-1) of both affected individuals was not a carrier of this mutation, whereas DNA from the father (I-2), who was deceased, was not available. Haplotype analysis with 13 microsatellite markers spanning Ϸ5 cM of 16p, including the MRP6 locus, revealed that in generations II and III the inheritance of the mutation 3736-1G3A segregated with inheritance of a specific allele presumably inherited from individual I-2 (data not shown). This allele also contained the silent MRP1 polymorphism (V677V; see above). Collectively, these findings suggest that the mother (I-1) had an allelic loss, which, when inherited in trans with the paternal mutant allele by the two affected individuals (II-2 and II-3), resulted in a homozygous genotype for the mutation 3736-1G3A. This finding would also explain the fact that three children of the two affected mothers (II-2 and II-3) were hemizygous for the wild-type allele, because the other allele would harbor the maternally inherited deletion mutation (Fig.  1) . This interpretation was supported by haplotype analysis by using microsatellites on the 16p13.1 region, including D16B9622, which revealed that the putative deletion does not extend beyond the 3Ј end of MRP6 (data not shown).
Families 5-8. Four additional patients with diagnostic features and biopsy-proven PXE were evaluated for possible mutations in MRP6. There was no family history of PXE, and DNA from other members of the family was not available. Therefore, it appears that these families represent sporadic cases of PXE. Evaluation of their DNA revealed that the patient in family 5 was compound heterozygous for nucleotide substitutions 3413G3A and 3803G3A in exons 24 and 27, which resulted in the amino acid substitutions R1138Q and R1268Q, respectively. In families 6-8, heterozygous nucleotide substitutions were discovered, resulting in the mutations R1141X (families 6 and 8), and R1268Q (family 7).
Discussion
In this study, we report pathogenetic mutations in PXE in the MRP6 gene on chromosome 16p13.1. Specifically, we examined eight probands with unequivocal diagnostic features of PXE. In four families, more than one affected individual was present, and in these families mutations in both alleles in each affected individual were discovered, supporting the notion that PXE was clearly inherited in an autosomal recessive fashion. It is of interest to note that in one of these families (family 2) the mode of inheritance was initially judged to be autosomal dominant because of inheritance of PXE from a mother to her daughter. However, mutation analysis in this family indicated autosomal recessive inheritance with a pseudodominant pedigree structure as a result of consanguinity in the family. Some mutations discovered in these autosomal recessive families resulted in a premature translation termination codon predicting either synthesis of a truncated polypeptide or reduced mRNA levels because of nonsense-mediated mRNA decay (families 1 and 3) (16). In either case, the level or functionality of MRP6 protein is expected to be reduced or absent. Affected individuals in one of the families showed a homozygous missense mutation (family 2: R1138W), whereas those in another family were compound heterozygous for a nonsense mutation and a missense mutation (family 1: R1141X͞R1268Q). The nonconservative amino acid substitution mutations were not detected in 50 clinically unaffected, unrelated control individuals, and it is conceivable, therefore, that these missense mutations affect a critical amino acid residue within the MRP6 protein (see below). Nevertheless, these missense mutations were clearly recessive, as heterozygous carriers did not have clinical evidence of PXE. Finally, another family (no. 4) demonstrated a homozygous nucleotide substitution (3736-1G3A) that alters the conserved consensus sequence of the 3Ј-acceptor splice site at the intron 26͞exon 27 border. This mutation predicts aberrant splicing, and if exon 27 would be deleted in its entirety, it would result in synthesis of a polypeptide internally shortened by 49 amino acids. This mutation is also autosomal recessive, as carriers of this mutation did not show signs of PXE. In addition to the single base substitutions, we discovered two large deletions in families 3 and 4, respectively. In these families, inheritance of the allele containing the deletion, when combined with a stop codon mutation (family 3) or with a splice site mutation (family 4) in trans, resulted in hemizygosity of the mutation in the MRP6 locus and caused PXE.
In addition to four extended families, four affected individuals without family history of PXE revealed mutations in MRP6. In one case (family 5) the proband was a compound heterozygote for two missense mutations, whereas only heterozygous mutations in one allele in the remaining three families (families 6-8) were detected. Although only one mutation in each of the latter three individuals was observed, it is likely that PXE in these cases was also autosomal recessive, because each of the two distinct mutations (R1141X and R1268Q) discovered in these three probands were also present in the multiplex families, and the heterozygous carriers did not show definitive signs of the disease. Collectively, the overwhelming genetic evidence in our study suggests that the majority of cases with PXE display autosomal recessive inheritance. This mode of inheritance is also supported by extensive genetic linkage analysis of these families by using informative microsatellite markers within the chromosomal region 16p13.1 (data not shown). The inability to detect second mutations in three individual patients may reflect the limitations of CSGE, as has been previously documented in search for mutations in other heritable diseases, as exemplified by the dystrophic forms of epidermolysis bullosa where this same technology detected only about 70-75% of all anticipated mutations in the COL7A1 gene (17, 18) . On the other hand, it is plausible that the other mutations consist of type of genetic lesions that are not readily detectable by CSGE, including large insertions or deletions, intronic mutations beyond the region subjected to PCR amplification, or mutations affecting the transcriptional͞translational regulatory regions at the 5Ј end of the gene (19) .
MRP6, which has also been described as MOAT-E (15), belongs to the MRP (multiple drug resistance associated proteins) family of the ABC (ATP-binding cassette) transmembrane transporters, which have been shown to be involved in drug resistance, particularly in association with cancer chemotherapy (20) (21) (22) . MRP6 has been reported to be exclusively expressed in the kidney and the liver, based on Northern blot analysis of poly(A) ϩ RNA from a number of tissues (12, 15) . Although a low level of expression has also been demonstrated in some tissues by RNase protection assay (12) , Northern blot analyses have been negative in all such tissues, except the kidney and the liver (15) . Furthermore, our attempts to amplify dermal fibroblast MRP6 mRNA by RT-PCR have been unsuccessful under standard PCR conditions in fibroblast cultures both from control individuals as well as from patients II-3 and III-4 in family 4 in Fig. 1 . Immunohistochemistry of normal human skin with a polyclonal rabbit anti-human IgG Ab (kindly provided to us by Drs. M. Belinsky and G. Kruh, Fox Chase Cancer Center, Philadelphia, PA), recognizing the carboxyl-terminal end of MRP6, was negative for dermis in a wide range of dilutions, whereas human kidney and liver sections were brightly positive (data not shown). Similarly, immunofluorescence staining of human dermal fibroblasts or iliac artery smooth muscle cells was entirely negative. Thus, although PXE is a generalized connective tissue disorder with abnormalities in the elastic fiber network, the primary defect may reside in the liver and kidney, the sites of MRP6 expression.
The MRP6 mRNA, Ϸ6 kb, has a 4.5-kb ORF encoding a polypeptide of 1503 amino acids with a calculated molecular mass of 165 kDa (12, 15) . The MRP6 protein has a high degree of identity (Ϸ62%) with MRP1, the prototypic protein within this family of ABC transporter proteins (15) . The MRP6 protein has been predicted to consist of three membrane spanning domains comprised of 5, 6, and 6 transmembrane segments, respectively (15) . The intracellular portion of the protein depicts two nucleotide binding folds (NBF), both having conserved Walker A and B ATP-binding motifs, as well as a conserved C motif, critical for the function of the protein as a transmembrane transporter (15) . The majority of the mutations disclosed in this study reside in exons 24 and 27 (Table 1) . Exon 24 encodes the intracellular loop between the 4th and 5th helical transmembrane segment within the third membrane spanning domain, and exon 27 codes for beginning of the second NBF (15) . It is conceivable that these intracellular segments of MRP6 are critical for the function of the protein, and mutations affecting these domains, including amino acid substitutions, result in phenotypic manifestations of PXE. In fact, single amino acid substitutions in either one of the NBF motifs entirely abolish the function of MRP6 (G. Kruh, unpublished data). In this context, it should be noted that mutations in another MRP transporter, MRP2, are associated with a clinical disease, the Dubin-Johnson syndrome (23, 24) , an autosomal recessive disorder characterized by conjugated hyperbilirubinemia. In analogy with PXE mutations in MRP6, the mutations in MRP2 consist of large deletions, splice site mutations, and͞or missense substitutions affecting the NBF. In addition to Dubin-Johnson syndrome, a number of recessive diseases are caused by mutations in other ABC transporter genes, including cystic fibrosis and the Stargardt disease (25) (26) (27) (28) .
The specific biological function of the MRP6 protein is currently unknown, and consequently, its relation to the phenotypic findings in PXE is unclear. MRP1, the best-characterized protein within the MRP family, functions in normal tissues as an efflux pump for amphipathic anionic conjugates, including glutathione-5 conjugates, as well as glucuronidated and sulfated compounds (22, 29) . It has been suggested that the function of MRP6 also relates to cellular detoxification (15) , and may thus result in accumulation of yet unidentified compounds that may lead to progressive calcification of elastic structures in the target tissues. Alternatively, the perturbed metabolism of cells lacking functional MRP6 may cause alterations in the cellular microenvironment, resulting in the synthesis of aberrant elastic fibers which become calcified in target tissues. In this context, it should be noted that not all elastic fibers undergo calcification in patients with PXE and, for example, the lungs, which are particularly rich in elastin, are only rarely affected (1, 2). These observations suggest that calcification of the elastic structures in PXE is a secondary phenomenon. Nevertheless, identification of mutations in the MRP6 gene provides the basis to examine the cellular and molecular events that lead to the phenotypic manifestations of PXE.
The definitive diagnosis of PXE is often hampered by extensive intrafamilial and interfamilial clinical heterogeneity (2, 5) . Furthermore, many of the diagnostic criteria of PXE, such as the cardiovascular accidents, are prevalent in the general population, albeit at a later age (2, 30) . Also, cutaneous findings mimicking PXE are frequently encountered in older individuals in sun-exposed areas (31) . For these reasons, PXE may be overdiagnosed in individuals with a family history of PXE. At the same time, it has been suggested that heterozygous carriers of PXE mutations may manifest with minimal signs of the disease (2, 32, 33), a notion underscored by clinical findings in the individual I-2 in family 3. In this context, it is of interest to note that in families with Stargardt disease, an autosomal recessive macular dystrophy, the heterozygous carriers can also show evidence of mild disease (34) . The diagnostic dilemma in PXE can now be overcome by identification of specific mutations that allows DNA-based carrier detection in families with a history of PXE, and the prediction of affected individuals before the age of onset. Finally, this progress will also permit development of prenatal testing and preimplantation genetic diagnosis in families at risk for recurrence of PXE.
